Geothermal energy known as a clean, renewable energy resource is widely available and reliable. Ground heat exchangers (GHEs) can assist the development of geothermal energy by reducing the capital cost and greenhouse gas emission. In this paper, a novel semianalytical method was developed to study the thermal performance of multiborehole ground heat exchangers (GHEs) with arbitrary configurations. By assuming a uniform inlet fluid temperature (UIFT), instead of uniform heat flux (UHF), the effects of thermal interference and the thermal performance difference between different boreholes can be examined. Simulation results indicate that the monthly average outlet fluid temperatures of GHEs will increase gradually while the annual cooling load of the GHEs is greater than the annual heating load. Besides, two mechanisms, the thermal dissipation and the heat storage effect, will determine the heat transfer underground, which can be further divided into four stages. Moreover, some boreholes will be malfunctioned; that is, boreholes can absorb heat from ground when the GHEs are under the cooling mode. However, as indicated by further investigations, this malfunction can be avoided by increasing borehole spacing.
Introduction
Geothermal energy is attractive due to its enormous potential, renewability, availability, and low gas emission. With improvements in drilling, completion, and energy conversion systems, geothermal energy is becoming an economically viable alternative. Nonetheless, many challenges remain. The development of geothermal resource may be impeded by high capital requirements. Produced groundwater needs to be reinjected rather than disposing to surface waters to avoid environmental impacts, which raises the operational difficulties and maintaining cost. The ground heat exchangers (GHEs) such as geothermal heat pumps can reduce the cost effectively, and the close-loop system will eliminate the necessary of any reinjections (no groundwater produced). The ground can offer a steady and large heat storage medium as a heat source/sink and for thermal energy utilization, such as geothermal heat pumps. As one of the main geothermal heat pump technologies, the ground source heat pump (GSHP) has been widely used as a viable and economical alternative to traditional air conditioning systems owing to its high-efficient performance in the world [1] [2] [3] [4] [5] [6] [7] . It is well known that the efficiency of GSHP is related to the outlet fluid temperature of ground heat exchangers (GHEs), which is required to be in a certain range. Hence, it is very important to develop a reliable and efficient method to model the thermal performance of GHEs in order to predict/optimize the outlet fluid temperature [2] [3] [4] [5] [6] [7] .
Many methods, such as analytical/semianalytical, numerical method, and fractal methods [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , have been reported in literatures for heat transfer analysis. To study the underground heat transfer for GHEs, the semianalytical and numerical method are always preferred [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Generally, the model for underground heat transfer consists of two submodels [6] [7] [8] , which account for the heat transfer inside the boreholes and outside the boreholes, respectively [2] [3] [4] [5] [6] [7] .
For the heat transfer inside the borehole, a steady-state process is usually approximated using 1D, 2D, or quasi-3D 2 Geofluids models [7] . Regarding the heat transfer outside the borehole, several models are available [9] [10] [11] [12] , such as line source model, cylinder source model, and finite length source model. Nevertheless, these models mentioned above are normally only valid for single borehole with a constant heat flux. In a real field, a single borehole is usually not sufficient to satisfy load demands, as the GHEs always consist of multiple boreholes. For a multiple-borehole system, the heat transfer capacity for each borehole may be reduced due to the thermal interference among different boreholes. Thus, simulating heat transfer for a multiborehole GHEs is a very important task. For this purpose, semianalytical methods [8] [9] [10] [11] [12] [13] [14] and numerical methods [14] [15] [16] [17] [18] [19] are the main approaches. Hellström [15] presented a numerical method for simulating ground heat storage systems consisting of densely packed ground loop heat exchangers used for seasonal thermal energy storage. In Hellström's model, a duct ground heat storage system (DST) is defined to divide the ground storage volume with multiple boreholes into two regions: one "global" region, where the ground temperature is solved with a two-dimensional finite difference scheme and one "local" region, the temperature of which is calculated by one-dimensional numerical method. Zhang [19] used a finite element method to investigate the thermal performance of each borehole in a multiple-borehole system with a thermal effectiveness factor. It demonstrated that the thermal effectiveness factor for each borehole is less than 1 due to the thermal interference.
Although the numerical simulations are flexible, they require significantly more computational time, which is not efficient for practical applications. In contrast, the semianalytical methods are more convenient and have been widely used in practice [13, 14, 23] . With the help of nondimensional temperature response " -functions" that can be calculated from numerical methods, Eskilson [14] used the superposition principle to study the thermal response of GHEs. However, Eskilson's " -function" method is not practically convenient as the " -functions" is not universal and needs to be precomputed with respect to the GHEs' configurations with numerical approaches. Many semianalytical methods have also been presented with the superposition principle with respect to different forms of " -function" [12, 13] .
However, an unreasonable assumption with uniform heat flux (UHF) was adopted for these semianalytical methods mentioned above [12] [13] [14] . As a result, only the overall performance of GHEs, such as the average outlet fluid temperature and total heat flux of the GHEs, can be studied, while the heat capacity difference between different boreholes cannot be well examined. Furthermore, it has been reported that the UHF assumptions may give rise to errors when predicting the thermal performance of multiborehole GHEs. Claesson and Javed [23] noticed errors between their analytical -functions and Eskilson's -functions for different configurations, and the errors become greater with more boreholes and increase with time. Similar results were also pointed out by Malayappan and Spitler [24] using a numerical approach. They found that the GHEs system could be oversized by around 5-6% with uniform heat flux assumptions used in a semianalytical approach. The reason why the UHF assumptions are inaccurate is that the nonuniform heat fluxes are common for the heat transfer of multiple boreholes. For example, for a bundle of boreholes, the outer boreholes have higher heat fluxes than the inner boreholes. However, the heat flux difference between boreholes due to the interference cannot be considered using the UHF assumptions. Furthermore, by noticing that the fluids entering different boreholes actually come from the same container (Figure 1) , and the effluent fluid from each borehole will be accumulated by a collector before entering the heat pump, the assumption of uniform inlet fluid temperatures (UIFT) for all boreholes in GHEs is more reasonable.
Based on these findings, the main objective of this paper is to develop a semianalytical solution to simulate the underground heat transfer of multiborehole GHEs with the UIFT assumption. The new method can be used for simulating the performance of the GHEs with arbitrary configurations. Furthermore, the effects of the heat capacity of each borehole and the thermal interference between different boreholes on the thermal performance of GHEs are also examined. Overall, this paper is organized as follows: in Section 2, the basic heat transfer model with UIFT is presented and solved semianalytically; in Section 3, the thermal performance of GHEs is studied with this new method. Finally, discussions and conclusions are presented in Section 4.
Heat Transfer Model under Ground for Multiborehole GHEs
In this section, the basic thermal response equation for single borehole will be presented followed by the development of heat transfer model for multiple boreholes as well as the corresponding semianalytical solution.
Thermal Response for Single Borehole.
The following assumptions are made.
(1) The ground is regarded as an infinite homogeneous medium with thermal conductivity, , volume specific heat, ( ), and constant initial temperature, 0 .
(2) The borehole is of depth with a radius . The heat transfer inside the borehole is assumed to be at steady state, and the total thermal resistance in borehole is .
(3) The specific heat of fluid is denoted as , and the mass flow rate is denoted aṡ.
(4) The thermal load of the single borehole can be denoted by a series of step heat fluxes, ( , ), = 1, 2, . . . , 0 , where 0 is the total number of steps.
With the above assumptions, the thermal response at time ( −1 < < ) for single borehole can be written as follows [7] :
where denotes the average fluid temperature, is the heat flux, and is the thermal response under unity heat flux, which can be written in the form of infinite line source model, cylinder source model, finite length line source model, orfunctions. If the infinite line source model is used, satisfies the following [7] :
with exponential integral function Ei:
where in (2) denotes thermal diffusive coefficient and = / . In addition, the average fluid temperature yields
where in and out indicate the inlet fluid temperature and outlet fluid temperature, respectively. The heat flux of the borehole can be given by the following:
with coefficient
Combining (4) and (5) leads to
Substituting (7) to (1) yields
Thermal Response for GHEs with Multiple Boreholes with UIFT Assumptions.
It is assumed that the GHEs consist of boreholes with the same borehole radius and the same inlet temperature in . The th borehole is located at ( , ) with borehole thermal resistance , outlet temperature out, , average fluid temperature , , and mass flow ratė. The heat load of the GHEs can also be denoted by a series of step heat fluxes, ( , ), = 1, 2, . . . , 0 . The heat flux for the th borehole is ( , , ), = 1, 2, . . . , 0 .
The inlet temperature in and outlet temperature out of GHEs can be calculated in the following form, respectively:
By applying the superposition principle to (9), the inlet fluid temperature at time ( −1 < < ) for the th borehole is given as follows:
where is the distance between th borehole and the th borehole:
At time ( = 1, 2, . . . , 0 ), inlet temperature for the th borehole has the following form:
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There are + 1 unknowns in (15) at time , which are Δ 1, , Δ 2, , . . . , Δ , , Δ in . In addition, the heat fluxes for each borehole satisfy
It is worth mentioning that (15) and (16) should be fully coupled to obtain the semianalytical solution for multiborehole GHEs. In contrast, the method with UHF assumptions, where the heat flux for each borehole is identical, and the temperature response can be calculated in a much simpler way [14] .
Furthermore, (15) and (16) can be written in the following matrix form:
with → = (
Then, (17) can be solved by Gauss elimination to obtain Δ in, and Δ , at time ( = 1, 2, . . . , 0 ) from time 1 to 0 step by step. In subsequence, the outlet temperatures of GHEs and boreholes can be also calculated.
In particular, at time 1 ( = 1), vector Δq, b, and matrix A can be given as follows:
Results
In this section, we first validate the new semianalytical method by comparing with the results from a numerical method [19] and experimental data [25, 26] . Then the new semianalytical method is used for heat transfer analysis of multiborehole GHEs with different configurations under varying heat fluxes. To conduct simulations, following data are required: the ground parameters including undisturbed ground temperature, ground thermal conductivity, and ground volume specific heat; borehole parameters including borehole configuration, borehole spacing, borehole depth, borehole spacing, borehole diameter, U-tube inner diameter, U-tube outer diameter, and borehole thermal resistance; circulating fluid parameters including fluid density, specific heat capacity and fluid flow rate, and heat load of GHEs.
Model Validation
Case 1. In [19] , Zhang examined the thermal performance of GHEs with square 4 × 4 borehole field by a numerical method. Constant temperature constraints were specified for the borehole wall and the far-field boundary. The simulation input data are listed at Table 1 .
In order to examine the effects of multiple boreholes, Zhang [19] introduced a thermal effectiveness, which is defined as the ratio of heat flux for a specific borehole in a multiple-borehole filed to heat flux produced by a single isolated borehole:
where , is the heat flux for the th borehole in -borehole filed and 1 is the heat flux produced by single isolated borehole. Figure 2 presents the comparison results of thermal effectiveness of the 1st borehole, 2nd borehole, and 6th borehole for a square 4 × 4 borehole field ( Figure 5.2 in [19] ). Figure 2 ) before 3000 hours. The discrepancies between the two methods after 3000 hours are mainly attributed to the fact that constant temperature constraints were specified for the far-field boundary in [19] , while the outer boundary in our simulations is assumed to be infinite.
Case 2. The second comparisons are based on an experimental system at Oklahoma State University [25] . The GHEs consist of three boreholes arranged in line. Experimental data are listed in Table 2 . The monthly average heat extraction and rejection rates [26] for the GHEs are presented in Figure 3 (a). Heat extraction from ground is defined as negative while heat injection is defined as positive. It can be found in Figure 3 (b) that the monthly average outlet fluid temperature from our simulation follows the general trend of the experiment reasonably closely.
Heat Transfer Analysis for GHEs with Different Configurations of 9 Boreholes under Varying Heat Fluxes.
In this section, the new method will be used to study the thermal performance of 9-borehole GHEs with different configurations under varying heat fluxes. In particular, the effects of thermal interference and heat storage underground are discussed in detail. The monthly average heat fluxes used in simulation are displayed in Table 3 . The total heating load is assumed to be more than the cooling load, with an annual average heat imbalance 32400 kWh. Parameters used in simulations are listed in Table 4 . The simulation period lasts for 10 years (120 months).
Thermal Performance of 3 × 3 Square Array of Boreholes.
We first investigate the thermal performance of 3 × 3 square array GHEs (Figure 4 ). Figure 5 shows the monthly average outlet fluid temperature for ten years. In each year, the monthly average outlet fluid temperatures vary with the thermal loads. Due to the annual heat imbalance, the outlet fluid temperature increases year over year gradually. For example, the average outlet fluid temperature in August in the 10th year increases about 3.5 ∘ C compared with that in the 1st year. Obviously, the temperature rise will improve the heating efficiency with respect to a higher entering fluid temperature of heat pump. However, the cooling efficiency of heat pump will be reduced since the entering fluid temperature becomes higher. Severely, the heat pump could be malfunctioned while average outlet fluid temperature exceeds the specified highest entering fluid temperature of the heat pump. There are two important aspects for the heat transfer of GHEs underground. One is that GHEs will reject heat into ground or extract heat from ground, whose efficiency is determined by the thermal dissipation underground. The other is the extracted or rejected heat can be stored underground, which can be utilized by the GHEs later. Figure 6 shows the monthly average heat fluxes for individual boreholes, 1 for the 1st borehole, 2 for the 2nd borehole, and 5 for the 5th borehole. In the first month, the thermal interference among boreholes is weak, and the difference of the heat fluxes ( 1 , 2 , 5 ) is small. As time goes on, the borehole-to-borehole thermal interference becomes stronger. As a consequence, the borehole heat fluxes vary with respect to their different locations in the GHEs. According to the features of heat transfer, we can divide the heat flux process into four stages for a heat transfer period of one year,
(1) The 1st Stage (Feb-March) . The GHEs extract heat from the ground and the thermal performance is mainly determined by the thermal dissipation. Thus, the thermal interference among boreholes could have a great influence on the heat flux. For example, the 1st borehole, which is located at the outer corner of the GHEs and least interfered, has the highest heat flux. In contrast, the 5th borehole, located in the middle of the GHEs and most interfered, has the smallest heat flux. Moreover, the ground will become a good heat sink for heat rejection of the GHEs due to the heat extraction in this stage.
(2) The 2nd Stage (April-July). The GHEs reject heat into the ground, and the thermal performance is mainly determined by the heat storage effect. Because the ground around the 5th borehole is less compensated due to the stronger thermal interference in the last stage, the 5th borehole has the best heat extraction condition, compared with other boreholes. As a result, the 5th borehole yields the highest heat flux in the GHEs.
(3) The 3rd Stage (August-October).
The GHEs still reject heat into the ground; however, the effect of heat storage has dissolved, and the thermal performance is mainly determined by the thermal dissipation. Consistent with the situation in the 1st stage, the 5th borehole's heat flux is smaller than others due to the greater thermal interference. Furthermore, the heat rejected from the GHEs in the 2nd and 3rd stages will be stored in the ground, which makes the ground a good source for heating in the next stage, and the 5th borehole will enter a better heat extraction condition since the heat dissipation around the 5th borehole in last stage is hindered much more seriously due to the thermal interference.
(4) The 4th Stage (November-January). The GHEs extract heat from the ground, and the thermal performance is mainly determined by the heat storage effect. The ground plays an important role in supplying heat for the GHEs as a heat source, and the 5th borehole extracts more heat from ground than the other ones in the GHEs for the more heat accumulation around in last stage.
From the above discussion, we can conclude that while the thermal dissipation dominates, the heat flux of the borehole with stronger thermal interference is smaller. In contrast, while the heat storage effect plays a major role, the boreholes being strongly interfered will have a greater heat flux. This is because the hindrance of thermal dissipation around boreholes due to thermal interference provides a better condition while the ground acts as a heat source/sink for the GHEs working under the opposite mode.
Furthermore, we should note that, in October (circle in Figure 6 ) in the 3rd stage, the GHEs work under the cooling mode and reject heat into the ground; however, the 5th borehole absorbs heat from ground individually ( 5 < 0), which implies that the 5th borehole is malfunctioned. This is because the heat accumulation around the 5th borehole is more severely due to the thermal interference, resulting in greater ground temperatures around. As a result, the 5th borehole can extract heat from the ground if the ground temperature around is high enough. Furthermore, we have also examined the effect of the borehole spacing on this phenomenon (Figures 7 and 8) . It is shown that a larger spacing can weaken heat interference and the phenomenon will not be observed for a larger borehole spacing (Figure 8 ).
Thermal Performance of Different Borehole Configurations.
In this section, we investigate thermal behaviors of 9-borehole GHEs arranged in "<"-Shape with different angles, = /4, /2, 3 /4, (Figure 9 ). Figure 10 presents the monthly average outlet fluid temperature with an angle of /2. It is shown that the highest temperature in August and the lowest temperature in January are lower than those in the 3 × 3 square array case. Table 5 presents the comparison results of lowest temperature and the highest temperature in the 10th year. We can find that, with an increasing angle, both of the average outlet fluid temperatures in August and January become higher, which will improve the heating efficiency of heat pump in January and decrease the cooling efficiency of heat pump in August. Figure 11 presents the heat fluxes of the 1st-5th boreholes for = /4. As suggested above, heat transfer process underground can also been divided into four stages. However, the 4th (or 6th), instead of the 5th borehole, is observed to be malfunctioned in October. Further investigation indicates that this phenomenon can also be eliminated by increasing the angle. For example, the heat flux of the 4th borehole is positive in October with respect to an angle /2 ( Figure 12 ).
Conclusions
In this paper, a novel semianalytical method to study the thermal performance of (GHEs) is developed with uniform inlet fluid temperature (UIFT) assumptions. This new method is verified against numerical and experimental results. The thermal performances of 9-borehole GHEs with different configurations are also analyzed by this new method. Based on this work, several important conclusions are obtained as follows.
(1) The new method, which relies on the assumption of uniform inlet fluid temperature rather than the uniform heat flux, can be used to study the thermal performance difference of boreholes. The effects of thermal interference have also been examined. Furthermore, the new method is flexible and has no limitations on the borehole configurations.
(2) The monthly average fluid temperature at the outlet of GHE varies each month. For 3 × 3 square array GHEs, due to the unbalanced annual load, the outlet temperatures will increase year over year gradually. Moreover, on the aspect of dominant mechanisms, the heat transfer can be divided into four stages in a heat transfer period. While the thermal dissipation dominates, the heat flux of the borehole with stronger thermal interference is smaller. In contrast, while the heat storage effect plays a major role, the boreholes being strongly interfered will have a greater heat flux. (3) Due to the heat accumulation, some boreholes will be malfunctioned sometimes, in particular, when individual borehole obtains heat from ground, while the GHEs are operated under the cooling mode. Obviously, this phenomenon cannot be observed under the UHF assumptions where all boreholes are assumed to yield the same heat flux. It is also shown that this phenomenon will disappear with increasing borehole spacing. Thespacebetweenthe th borehole and the th borehole, m 
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